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INTRODUCTION
A non-thermal plasma is an electrically energized gas like that in a fluorescent lamp. The plasma is nonthermal because the average kinetic energy of the electrons is much higher than that of the gas molecules.
Dissociation and ionization of molecules due to colllisions with the energetic electrons create a mix of reactive species that permits unique and diverse chemical reactions to be possible even at relatively low gas temperatures. Non-thermal plasma techniques could presumably initiate NO x reduction chemistry similar to those of thermal or catalytic deNO x methods. This has prompted a number of laboratories to investigate the application of plasmas to the abatement of NO x [1, 2] .
The application of non-thermal plasmas to the treatment of power plant flue gases has been studied extensively [1, 2] . In this application the plasma is used to oxidize NO to NO 2 , and eventually to nitric acid. The desired product, in the form of ammonium nitrate, is obtained by adding ammonia to the exhaust. Some form of scrubbing is required to collect the final product.
Recently there has been a growing interest in the application of non-thermal plasmas to the removal of NO x in lean-burn gasoline and diesel engine exhausts [3] [4] [5] . These exhausts contain high concentrations of oxygen, rendering conventional catalytic converters ineffective for the treatment of NO x . A critical issue in the application of plasma-based methods to cars and trucks is whether the NO is removed by reduction to benign gases such as N 2 , or by oxidation to NO 2 and nitric acid. To avoid the need for scrubbing of process products, the desired method of NO removal is by chemical reduction to N 2 . This paper will discuss the results of an extensive series of experiments aimed towards understanding the effect of gas composition on the NO x conversion chemistry in a plasma. The NO x conversion chemistry in the presence of the individual components, such as N 2 , O 2 , H 2 O, and CO 2 , as well as the mixture of these, will be presented. We will show that, in a lean-burn gasoline or diesel engine exhaust, the main effect of the gas-phase reactions in a plasma is the oxidation of NO to NO 2 and nitric acid. To implement the reduction of NO x to N 2 in the highly oxidizing environment of a lean-burn engine exhaust, it will be necessary to prevent the formation of acid products and combine the plasma with a heterogeneous process that can chemically reduce NO 2 to N 2 . As shown in another paper, the selective partial oxidation of NO to NO 2 in a plasma can be utilized to enhance the reduction of NO x to N 2 by an SCR catalyst [6] .
EXPERIMENT
PLASMA REACTOR -The plasma reactor used in the experiments reported here is commonly referred to as a dielectric-barrier discharge reactor. The reactor geometry was one of concentric cylinders. The center and outer cylinders were a solid stainless steel rod and stainless steel tube. A high voltage AC power was applied between the electrodes, with the outer electrode tube at ground potential. Various diameter center electrodes were used, ranging from 0.1 mm to 4 mm. The inner diameter of the outer electrode tube ranged from 22 mm to 25 mm. Dielectric barriers made of quartz were placed adjacent to the center and outer electrodes. One was used to cover the inner electrode and the other was used to cover the inside of the outer electrode. The length of the plasma reactor tube was 30.5 cm. The discharge plasma region could be made shorter than the tube by limiting the length of the center electrode inside the center dielectric barrier, which ran the full length of the reactor and provided mechanical support for the electrode. A sketch of the plasma reactor is shown in Figure 1 . Gas entered the inlet plenum of the reactor and travelled axially along the center electrode, exiting through the outlet plenum. A viewport was installed in the exit plenum in line with the center electrode to observe the discharge plasma. The outer stainless steel electrode was wrapped with copper tubing fed by a constant temperature bath for temperature control. Also, the entire reactor could be contained in an oven which could be heated to 100 C to prevent condensation in either the inlet or outlet plenum. POWER SUPPLY -High voltage AC power was supplied to the plasma reactor. A Powertron 500S variable voltage (0-120 V), variable frequency (20-20,000 Hz) power supply was used to power a Neeltran high voltage transformer. The transformer was rated at a primary voltage of 120 V, a secondary voltage of 25 kV and a power limit of 0.5 KVA. In parallel with the high voltage transformer was a set of inductors to tune the circuit to the power supply. The inductors, individually ranging from 10 to 25 mH, were arranged in series-parallel configurations to reduce the reactive current draw on the power supply. This was necessary because the reactor appeared to the power supply as a cylindrical capacitor with its capacitance dependent upon the reactor length, electrode spacing, size and type of dielectric barriers, and amount and type of packing used, if any. The impedance seen by the power supply, which was dependent on the frequency of the applied voltage, was the reactor impedance multiplied by the square of the windings ratio of the high voltage transformer.
POWER MEASUREMENT -High voltage supplied to the reactor was measured using a Tektronix P6015 high voltage probe (1000x) in series with a Tektronix P6109 probe (10x), effectively dividing the voltage by a factor of 10,000. The signal from the probe was fed to a Tektronix 2211 digital oscilloscope sampling at 20 MHz. The current in the secondary circuit of the high voltage transformer was measured using a series resistor and a Tektronix P6027 (1x) probe. The resistors used varied from 25 to 50 ohms. This signal was fed to the oscilloscope. Power consumption in the reactor (power consumed by the discharge plasma) was measured using the voltage and current traces recorded and stored by the oscilloscope [7] . Digital storage in the oscilloscope was done using an 8 bit analog to digital converter for voltage measurements. 4000 samples per channel were recorded by the oscilloscope. A computer program read the values recorded by the oscilloscope, convert them to the proper units based on the oscilloscope settings and series resistance value, and calculate the power input to the reactor.
To characterize the electrical energy consumption of the plasma process, the composition of the effluent gas was recorded as a function of the input energy density. The input energy density, in units of Joules per standard liter (J/L), is the ratio of the power (delivered to the plasma) to gas flow rate at standard conditions (25°C and 1 atm GAS SUPPLY -The gas mixture entering the plasma reactor was produced using cylinders of N 2 , O 2 , CO 2 and NO, as shown in Figure 2 . H 2 O was introduced to the system by passing the N 2 stream through a stainless steel bubbler containing H 2 O. The bubbler was heated to vary the moisture content of the N 2 stream. Gas flow lines leading to and from the reactor were also heated to prevent condensation of H 2 O. Mass flow meters were used to measure the flowrates of dry gases from each of the cylinders.
The tubing used throughout the system was either stainless steel or Teflon, with the exception of the N 2 , O 2 and CO 2 supply lines to the mass flow meters, where Tygon tubing was employed. Teflon and stainless steel minimized the adsorption on the walls of nitric oxide or products of the plasma reactions. Ungrounded, type K thermocouples were installed at the inlet and outlet of the reactor to measure the temperature of the gas entering and leaving the reactor.
NO/NO x ANALYSIS -A Thermo-Electron model 10 A/R chemiluminescent NO x analyzer was used to measure the concentration of oxides of nitrogen in the gas stream entering or exiting from the reactor. The difference between NO and NO x readings was taken to be NO 2 . N 2 O, a possible product in plasma processing of NO, could not be detected by the NOx analyzer. A Hewlett-Packard 5890 Series II gas chromatograph with a thermal conductivity detector was used to determine if N 2 O was present in the reactor exit gas. A 9' by 1/8" stainless steel column packed with 50/80 mesh Porapak T was used to separate N 2 O from the other gases in the stream. O 2 , CO 2 AND CO ANALYSIS -A Nova model 375 portable combustion analyzer was used to measure the O 2 , CO 2 and CO concentrations in the gas stream. The O 2 and CO analyses were performed in the analyzer using electrochemical cells while the CO 2 analysis was performed using an infrared cell. NITRIC ACID MEASUREMENT -To measure the nitric acid the sample gas was passed through a 1 m length of 3.2 mm stainless steel tubing enclosed in a high temperature furnace at 700 C. The nitric acid and NO 2 present in the gas stream was completely decomposed and reduced to NO. The gas was then delivered to the NO x analyzer where the NO concentration was measured. This concentration was then compared to the NO x concentration of a sample stream that was not passed through the high temperature furnace. The difference was taken to be HNO 3 . Tests performed on nitric acid laden gas streams, prepared by introducing acid into the gas stream, showed that the temperature and residence time of the gas in the high temperature furnace was sufficient to completely decomposed all of the acid to NO.
PLASMA CHEMISTRY ANALYSIS
The intent in using a non-thermal plasma is to selectively transfer the input electrical energy to the electrons. In the kinetic analysis of non-thermal plasma methods, the first step is to understand the deposition of energy into contaminated air. This is controlled primarily by the major components, such as N 2 , O 2 , CO 2 and H 2 O.
The most useful energy deposition into N 2 and O 2 is usually associated with the production of N and O atoms through electron impact dissociation, and ionization, producing either atomic or molecular ions. One must also account for the creation of metastables, especially in the dissociated atoms O and N. For example, the reaction rates for the metastable O( 1 D) are almost always larger than those for the corresponding reactions with ground state O( 3 P). This can enhance both desired and undesired reactions.
The electron energy distribution in a plasma reactor is important because it determines the types of radicals produced in the plasma and the input electrical energy required to produce those radicals. In discharge processing, the rate coefficients for electron-impact dissociation reactions strongly depend on the electron mean energy in the discharge plasma.
Most of the species responsible for the chemical processing are generated during the main current flow (at which time the microdischarge channels have already been formed). The electrons acquire a drift velocity, v d , and an average energy corresponding to an effective E/n, i.e., the value of the electric field E divided by the total gas density n.
The efficiency for a particular electron-impact process can be expressed in terms of the G-value (number of reactions per 100 eV of input energy) defined as
where k is the rate coefficient (cm 3 /molec-s). The quantity knn e represents the number of reactions in a unit volume per unit time, where n e is the electron density. The quantity v d En e represents the amount of energy expended by the electrons in a unit volume per unit time. The G-value is the ratio of the number of reactions to the amount of energy expended by the electrons.
To calculate the G-values, we used the Boltzmann code ELENDIF [8] to calculate electron energy deposition. ELENDIF uses as input the specified gas composition and the electron-molecule collision cross sections.
The chemical kinetics describing the subsequent interaction of the ions and radicals with the exhaust gas was then studied using CHEMKIN-II [9] . Non-equilibrium plasma chemistry is handled by specifying G-values for forward reactions involving electron-impact dissociation and ionization of the various molecules.
The chemical kinetics analysis shows that the NO x conversion chemistry is determined mainly by uncharged species. In electrical discharge plasmas, the G-values for production of charged species is very small compared, for example, to that for production of O radicals. The charged species therefore do not contribute significantly to the NO x conversion chemistry. The energy density required to achieve a certain amount of NO x conversion is determined largely by the G-value for electron-impact reactions. For the case of NO in N 2 , the energy density required for chemical reduction of NO to N 2 is determined by the G-value for electron-impact dissociation of N 2 (reaction 2), as discussed in more detail by Penetrante et al. [10] . The energy densities shown in Figure 1 are extremely large compared to what would be acceptable in a typical engine exhaust treatment system. Measurement of NO x reduction in N 2 provides a good way of measuring the N atom production in the plasma; however, it is clear that production of N atoms in an electrical discharge plasma may not be a practical method for doing NO x reduction. The backconversion of NO 2 to NO via reaction (7) becomes a limiting factor on the oxidation efficiency at high temperatures. Figures 13 and 14 show the plasma processing of 500 ppm NO in 6% O 2 , balance N 2 , at 100°C and 200°C, respectively. Figure 15 shows a chemical kinetics analysis of the important reactions during plasma processing at 200°C. Note the strong competition between oxidation of NO to NO 2 and reduction of NO 2 to NO. Figure 16 shows the plasma processing of 500 ppm NO in 6% O 2 , balance N 2 , compared to the plasma processing in 10% CO 2 , 6% O 2 , balance N 2 . Both sets of experiments were done at 25°C. Note that CO 2 has very little effect on the NO x conversion chemistry. The dominant reaction remains the oxidation of NO to NO 2 . The most important consequence of having CO 2 in the plasma is the production of CO. The role of H 2 O in the formation of acid products becomes more apparent when the H 2 O concentration is 5% and above. Figure 21 shows the nitrous acid and nitric acid concentrations during plasma processing of 500 ppm NO in 5% H 2 O, 5% O 2 , balance N 2 , at 25°C. The amount of nitric acid is proportional to the amount of NO 2 . Figure 22 shows the nitrous acid and nitric acid concentrations during plasma processing of 500 ppm NO in 5% H 2 O, 10% O 2 , balance N 2 , at 25°C. As the O 2 concentration is increased, the oxidation of NO to NO 2 increases, and consequently the formation of nitric acid also increases.
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CONCLUSIONS
Lean-burn gasoline and diesel engine exhausts contain a high concentration of O 2 . We have shown that under this condition, the dominant reaction in a plasma is the oxidation of NO to NO 2 . In the presence of H 2 O, the NO 2 can be further oxidized to nitric acid. The adsorption of acid products can easily be mistaken for chemical reduction of NO to N 2 .
The efficiency for plasma oxidation of NO to NO 2 by means of the O radical is optimum at low temperatures. However, as shown in the above figures, even at low temperatures the energy density required to implement this process is still large.
Penetrante et al. [6, 11] have shown that hydrocarbons can enhance the oxidation of NO to NO 2 but not the reduction of NO to N 2 . The hydrocarbons lower the electrical energy cost for oxidation of NO to NO 2 and prevent the formation of acid products [6, 11] . Penetrante et al [6] have also shown that when combined with an SCR catalyst, the hydrocarbon-enhanced oxidation of NO to NO 2 in a plasma may be utilized to enhance the chemical reduction of NO x to N 2 .
